Many engineering disciplines require a fast and accurate estimate of structural properties in initial design phase for analysis and optimization studies. This paper presents an open-source computational code named CompSim to develop the structural properties of complex geometries with inhomogeneous materials. Weighted average technique is used to compute properties such as stiffness coefficients, area moment of inertia, and mass distribution. The accuracy of the code is evaluated for a multi-layer composite cross-section. As an illustrative example, the properties of the 20 MW common research wind turbine model are computed and presented. The code helps users to develop and optimize an initial structure in conceptual and preliminary design for further analysis in detailed design phase.
Introduction
In many engineering disciplines such as mechanical, civil, aerospace, and naval, the structure is subjected to external wind, seismic and wave loading, and needs to be designed accordingly [1] [2] [3] [4] [5] [6] [7] [8] [9] . These engineering structures require the definition of structural properties like stiffness coefficients, area moment of inertia, and mass distribution for aeroelastic and hydroelastic analysis, 2 and design [10] [11] [12] [13] [14] [15] [16] . Typically, finite element models are used to compute these properties as inputs for time or frequency domain analysis [17] [18] [19] [20] [21] [22] . However, such finite element models are of value in investigating the local distribution of the strains and stresses within the structure, and therefore not suitable for the conceptual and preliminary design phase [23] . They are computationally expensive, and very detailed for global aeroelastic and hydroelastic design that in general only requires mass and stiffness distribution of the structure.
To overcome the complicated use of finite element models, many studies use simple geometric models of the cross-section important design considerations for slender beam structures such as wind turbine and helicopter blades, aircraft wings, ship propellers, and tall buildings. Therefore, the designer needs to compute structural properties such as mass and stiffness distribution that have dependency on the inhomogeneous materials across a complex geometry. such as I-Beams [24, 25] . These simplified models can represent the mass and stiffness distribution of the structure, but model parameters need to be adjusted with measurements to guarantee their accuracy. Such a parameter tuning can increase the accuracy in a given point within the design space, but overall the accuracy cannot be guaranteed in the entire design space. This is a problem in optimization studies, since the optimizer searches the entire feasible range of a parameter for an optimal solution. Therefore, the accuracy of the model becomes questionable if the optimizer changes the model parameters beyond their adjusted point.
The computational code presented in this paper, named CompSim, provides a new methodology for extracting properties of complex geometrical structures with inhomogeneous materials for conceptual and preliminary design phase. It can also be used as a complementary tool for trade-off studies in detailed design stage by providing initial design candidates. CompSim uses a weighted average technique combined with Euler-Bernoulli beam theory to extract the structural properties [26, 27] . This is explained in next section.
Software description
Typically, slender beam cross-sections consist of several structural elements such as shear-webs, spar-caps, and a shell as depicted in Fig. 1 . The shear-webs provide shear capacity for the structure. The spar-caps increase the bending capacity, and the shell encloses the structure and provides torsional resistance. For such a beam, certain assumptions based on Euler-Bernoulli beam theory are made to extract the structural properties of the crosssection [26, 27] . These are:
• The strain is proportional to the distance from the neutral axis;
• Beam transverse deflections remain small; and • Plane sections of the beam remain plane and perpendicular to the neutral axis. Fig. 1 shows a lifting-surface cross-section that has different material properties. A weighting method is used to extract the equivalent properties of this cross-section. This allows one to represent the complex inhomogeneous distribution of materials with a gross representation and equivalent properties [28] . The actual thickness of each cross sectional element is maintained to be used for extracting weights.
As depicted in Fig. 2 (2) In this formulation, the total thickness of the shell remains the same:
The same approach is used to extract the equivalent densities of each element of the cross-section. In this case, the modulus of elasticity has to be replaced with the density. 
In this equation, the denominator is the same as Eq. (6), but the numerator is defined as: These section centroids are used to transfer the area moments of inertia using parallel-axis theorem to any axis of interest [29] . Area moments of inertia are calculated by an integration scheme [30] . Here, the cross-section x−y coordinates of spar-caps, shell and shear-webs are used separately to compute the area moment of inertia with respect to their local axis. As an example, the integrals for the shell are as follows:
shell dx dy (10)
These calculated area moments of inertia need to be transferred to the section centroids using the parallel-axis theorem. This is given for the shell by: 
) .
Note that small shell refers to local centroids, and capital SHELL refers to section centroids. These area moments of inertia can also (19) where ρ is the density, and L is the length of each spatially discretized section.
Knowing the mass distribution, the total mass of k spatially discretized stations can be defined as:
The source code for modeling the cross sectional properties is written in MATLAB. The main parts of the source code are the definition of the input data, computation of the properties, and outputs as explained next.
Input data
To compute the properties of any arbitrary structure, two different categories of input data are required. First, the geometry of the structure has to be defined. Second, the materials that are used to construct the geometry have to be provided. Next subsection explains how to define these properties as an input by the user.
Geometrical properties
The geometry can be defined in terms of x−y coordinates in non-dimension form. These coordinates have to be put into separate files, and defined for different cross-sections of the structure. The user has the choice to make any geometry of interest as long as the choice of x−y coordinates is consistent and results into a closed geometry. For example, the geometry of the NACA64-618 can be defined as [32] : The first column in this file is the x coordinate of the airfoil, and the second column is the y coordinate. Upon connecting these x−y coordinates the external shape of the cross-section is obtained. These coordinate files, 'AirFolCordName', have to be put in the right order from the root of the structure to its tip at some discrete sections for constructing the entire geometry. The location of each cross-section can be controlled in a non-dimension form using 'BeamFract' array. The user can twist these cross-sections at any angle of interest along the normalized chord, 'PichAxis'. 6 % Array with the name of all the x-y coordinate input files for each crosssection 
Material and structural properties
Material and structural properties are the modulus of elasticity, shear modulus, density and the thickness for shell, spar-caps and shear-webs, as well as the total length of the structure. While a structural element has fixed material properties at all different cross-sections, it can have variable structural thicknesses defined from the root to the tip. The user needs to make a consistent choice of units, and no units are specifically assigned to a property by the code. 
Computation of the structural properties
A chain of computations is performed to find the structural properties of the slender beam structure, taking into account the complex geometry and different material properties. As an outcome, the code computes properties such as mass, flapwise, edgewise, and mass distribution along the structure. 
Output file
Once all the properties are computed, they are written to a text file. In addition to the standard properties explained above, several other useful detailed properties such as the area moment of inertia of each cross-section, the mass moment of inertia, and shear and torsional stiffness are computed. The code also plots automatically the mass distribution, flapwise and edgewise stiffness distribution, as well as the external geometry of the structure as presented in Section 4.
Verification and validation
To assess and evaluate the accuracy of the code, a multi-layer composite cross-section with the geometry and the lamination data presented in Fig. 3 is used. This is a thin-walled cross-section that has a wall thickness to chord ratio of less than 0.1 [33] . The composite material properties are E 11 = 142.0 GPa, E 22 = E 33 = 9.8 GPa, and
A comparison is made with VABS that is a cross sectional analysis code for modeling initially curved and pre-twisted anisotropic structures for arbitrary topology and material distributions [35] . Table 1 shows the sectional stiffness coefficients for the presented cross-section of Fig. 3 .
As the table shows, considerable differences exist between CompSim and VABS predictions. In general, little agreement exists among different computational codes to model the structural properties, and up to 337% relative difference is reported in the literature [34] . This is due to different assumptions and simplifications used to model the structure.
The loss of accuracy in CompSim is related to the smeared approach to simplify the problem. In smeared approach, the crosssection is modeled as a single layer with the material properties being assumed as the average of the properties of all the layers. While such an approach is suitable for fast analysis in conceptual and preliminary design phase, it lacks accuracy for detailed design as presented in this section. Therefore, for detailed design analysis, the use of finite element based computational codes such as VABS, FAROB, BECAS and CROSTAB is recommended [36] [37] [38] [39] .
Illustrative examples
We used the developed method and code in several of our recent studies [40] [41] [42] [43] [44] . As an illustrative example, modeling the structural properties of a 20 MW wind turbine blade is considered in this paper. The input data of the blade can be found in [45] .
The blade internal architecture consists of a shell, two spar-caps and two shear-webs similar to Fig. 1 . The blade external shape has a circular cross-section at the blade root and 6 airfoil types from the root to the tip. The x−y coordinates of the blade are defined at 20 different discrete sections of the blade, along with their corresponding chord and twist distribution. Fig. 4a shows the cross sectional details of the blade, and Fig. 4b depicts the external shape of the 20 MW blade.
Based on these inputs, structural properties of the blade are computed. Fig. 5 shows the mass distribution of the blade along the span. Using this mass distribution, the total estimated mass of the blade is 259567 kg. The blade flapwise and edgewise stiffness are shown in Fig. 6 . 
Impact
This publicly available free source code is capable of modeling cross sectional properties of complex beam structures in several different fields of engineering [46] [47] [48] [49] [50] [51] [52] . It helps the users to save time by providing a simple tool for conceptual and preliminary design, instead of using complex and time consuming finite element codes. It also allows users optimizing such an initial design when coupled with an optimizer. Therefore, it is expected that researchers and engineers across several engineering disciplines to use the code.
Conclusions
In any structural design study that involves complex geometry and materials of different types, structural properties such as area and mass moment of inertia, stiffness, and mass per unit length are needed. These properties are used to compute natural frequencies, deflections, buckling, stresses, fatigue damage and so on. CompSim extracts these properties for any arbitrary cross-section of a structure made of multiple materials, and it is suitable for fast analysis in conceptual and preliminary design phase. However, in detailed and final design studies, the use of finite element computational codes is recommended.
